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Abstract

Mutual relationships between geological and geophysical data ob-
tained by using methods of different scale are presented for the Miocene
sandy-shaly thin-bedded formation and for the Zechstein carbonate for-
mation. The common basis of laboratory results, well logging and seis-
mic data was a recognition of elastic and reservoir properties of rocks.
The common basis of laboratory results, well logging and seismic data
were elastic and reservoir properties of rocks. Seismic attributes calcu-
lated from acoustic full waveforms were a link between the considered
data. Seismic attributes strongly depend on small changes observed in
rock formation related to lithology variations, facies changes, structural
events and petrophysical properties variability. The observed trends and
relationships of high correlation coefficients in the analysed data proved
the assumption made at the beginning of research that common physical
basis is a platform for data scaling. Proper scaling enables expanding the
relationships determined from laboratory and well logging of petrophysi-
cal parameters to a seismic scale.
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1. INTRODUCTION

Successful combination of seismic data and well logging information that
includes the results of laboratory experiments is an important way of scaling
petrophysical parameters. Since the acoustic log is run in boreholes, seismic
sections are correctly converted from time to depth scale with the use of ve-
locity models based on well logging measurements. Similarly, seismic inver-
sion that provides acoustic pseudoimpedance sections belongs to the
methods which combine well logs and seismic data (Veeken and Da Silva
2004, Huuse and Feary 2005). Results of laboratory measurements, in par-
ticular velocity and bulk density, can also be included in seismic calibration
procedures.

Laboratory data are the results of direct measurements of rock properties
that are performed on the core or plug samples, sparsely taken from the
borehole. They are precise and accurate but related to very small portion of
rocks, and therefore they are considered as point-type data. Well logs are
recorded continuously along the borehole and can be regarded as a 1D
measurement, while seismic surveys represent 2D or 3D data sets. Different
vertical resolution of these methods makes proper joint interpretation diffi-
cult. Scale dependence of geophysical data is an important and still current
challenge for geophysicists and petrophysicists in precise determination of
rock formation properties (Pechnig et al. 1997, Zoback 2010, Bui et al.
2010, Wenlong et al. 2012, Marzec et al. 2014, Krakowska and Puskarczyk
2015).

Measurements of the physical properties of rocks in the boreholes are
recorded by many different logs, which is a characteristic feature of well
logging. There are a lot of well established processing and interpretation
procedures that are implemented in the commercial software and applica-
tions. However, vast and diverse information on geological, petrophysical
and reservoir properties of rocks encourage scientists to looking for a new
method or improving the existing processing and interpretation methods.
Well logging data are suitable for statistical approach — there are many pa-
pers that propose application of various statistical methods for enhanced in-
terpretation (e.g., Szabd 2011, EIGhonimy and Sonneneberg 2015,
Puskarczyk et al. 2015, Wawrzyniak-Guz ef al. 2016). The other way of up-
dating the interpretation process, especially in today’s more complex for-
mations, is adapting techniques known from other methods, as presented in
this paper. Technique of seismic attributes computation was adapted for raw
acoustic waveform data processing. The new acoustic logging algorithm was
the key part of the research.

This paper proposes combination of data from laboratory experiments,
well logging and seismic surveys by means of full waveform acoustic log.
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Elastic properties and elastic wave propagation phenomena considered at
each type of data were the common platform for coupling the information
acquired at various scales. Acoustic full waveforms (AFW) were processed
in commercial software just like seismic traces, and then seismic-origin at-
tributes were calculated. Seismic attributes reflect instantaneous characteris-
tics related to small changes of rock properties or small-scale tectonic events
(Chopra and Marfurt 2005). Similarly, instantaneous characteristics of AFW
are the response to small differences in rock formation (Knize 1989,
Wawrzyniak-Guz and Jarzyna 2012, Wawrzyniak-Guz and Gruszczyk
2013). Due to distinct differences in seismic and sonic wave frequency and
the other scale of inhomogeneity recognized by both methods, AFW attrib-
utes are not exact equivalents of seismic attributes. Nonetheless, attributes
applied to AFW enable the interpreters to take advantage of the same physi-
cal background of sonic logs and seismics and, at the same time, to get clos-
er to the scale of laboratory results than if they work with the primarily
recorded signals only.

2. GEOLOGICAL FORMATIONS SELECTED FOR METHODOLOGY

TESTS
Formations from two different geological units in Poland were selected for
investigation: the Miocene (Sarmatian) formations in the Carpathian Fore-
deep and the Main Dolomite in the Fore-Sudetic Monocline. Three major
conditions were taken into consideration to accept the region for the planned
works: (i) good quality 3D seismic survey; (ii) full wave sonic logs (i.e.,
acoustic full waveforms) recorded in the wells within the area of seismic
survey; and (iii) great variety of laboratory results in the cored intervals of
wells within the area of seismic survey, in particular P- and S-wave veloci-
ties.

The first region of research is located in the area of the Carpathian
Foredeep (Fig. 1). The TCZ 3D seismic survey was done in the investigated
area where C-2, C-3, C-5K, and M-1 wells were available (Fig. 2a). Re-
search was focused on the Miocene part of the deposit in C-2, C-3, and C-5k
wells and additional working material was included from M-1 well where
acoustic full waveforms were recorded only in the carbonates of the Carbon-
iferous basement. Intergranular porosity and high shale volume are typical
features of the Sarmatian sandy-shaly thin-bedded formation (Bata et al.
2012, Jarzyna et al. 2013). A comprehensive data interpretation coming from
various sources (seismics, well logging and laboratory experiments) is very
important in thinly-bedded formations like heterolithes in molasse basins in
the mountain foredeeps. The Miocene sediments in the Polish part of the
Carpathian Foredeep are a good example of such formations (Marzec and
Pietsch 2012, Pietsch ef al. 2007). Sandy-shaly thin-bedded Miocene succes-
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TCZ 3D (a) and OR 3D (b) seismic projects.
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sions, where pore-space is occupied by gas in sandstone layers (treated as
reservoirs) and in mudstone layers (considered as source rocks), are very dif-
ficult to resolve because the thickness of both types of layers is very small; it
ranges from several to dozens of centimetres. Small gas deposits identified
by seismic surveys confirmed by well logs are very frequent in that region.
Unfortunately, as often, there are boreholes without gas inflow drilled after
seismic interpretation, despite similar stratigraphic and sedimentary posi-
tions. Unconventional shale gas deposits are similar to the discussed thin-
bedded formations.

The second subject of investigation was the OR 3D seismic project
where three wells: O-1, R-3, and R-4k were located in the study area (Figs. 1
and 2b). Full wave sonic logs covered the sequence of the Zechstein evapo-
rates and carbonate sediments, including the Main Dolomite horizon. Addi-
tional C-1 well from the Polish Lowland (Fig. 1) was also included in
research where the AFW were available in the Main Dolomite section. The
Main Dolomite (Ca2) is a very important geological formation in hydrocar-
bon prospecting in the Polish Lowland and Fore-Sudetic Monocline. Within
this dolomitic formation, formed on the carbonate-anhydrite platform, the
biggest hydrocarbon deposits in the Polish Lowland were discovered. The
Main Dolomite horizon is about 40-90 m thick and in many wells it may be
divided into three different parts with regard to porosity and shale content.
The upper part of the Main Dolomite horizon is always the most porous, the
middle one is hard and of low porosity and low shaliness. The lowest part
covers relatively shaly section. The dolomitic horizon reveals intergranular
porosity as well as fractures and fissures which are frequently observed.

3. ACOUSTIC FULL WAVEFORM (AFW) ATTRIBUTES

Acoustic full waveforms are elastic wavefield recordings that are generated
in the borehole by the transmitter in a sonic tool. Monopole source develops
both body and surface waves, i.e., P (compressional), S (shear) and Stoneley
(surface) waves. Processing of AFW can include some seismic procedures,
such as seismic attributes calculation, since sonic logs and seismics are
based on the same physical phenomenon — elastic wavefield.

Seismic attributes were previously incorporated into AFW interpretation,
however they were mainly considered as a visual enhancement of qualitative
approach (Bata and Jarzyna 1996). In the presented paper, numerical values
of attributes were determined for quantitative interpretation. The results were
applied to combine acoustic wavefield (represented by AFW recorded in
borehole) with seismic wavefield (recorded on the surface). Seismic attrib-
utes were treated as a link between these two representations of elastic
wavefields. AFW were also the connection between well logging and labora-
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Fig. 3. AFW from C-1 well loaded to seismic software. Horizontal axis represents
logging depth (MD) in meters (multiplied by factor 100), vertical axis represents re-
cording time of AFW in pus. Colour lines indicate arrival ( START) and end
(_STOP) time of P, S, and Stoneley (St) wave packets. Na2 — Older Halite, A2 — Ba-
sal Anhydrite, Ca2 — Main Dolomite, A1G — Upper Anhydrite.

tory results. AFW attributes were related to small changes of physical prop-
erties of rock and reflected instantaneous characteristics of formation.

Seismic attributes for P, S, and Stoneley waves were calculated with the
use of standard seismic software: Hampson-Russell Suite, version 9. An ex-
ample of AFW recorded in the Zechstein formations: salts (Na2), anhydrites
(A2 and A1G), and carbonates (Ca2) in the Polish Lowland is presented in
Fig. 3. Data were recorded by Full Wave Sonic tool (Halliburton Co.).

4. METHODOLOGY AND EXAMPLES

Calculation of attributes from AFW required special preprocessing of full
waveform sonic logs that enabled loading AFW signals into the seismic
software just like any other seismic section. It included, inter alia, file format
conversion and editing the file headers. Once the preprocessing was com-
pleted, the attributes could be computed with the use of algorithms available
in the seismic program, such as instantaneous or windowed attributes.
Scheme of the methodology is presented on the basis of C-1 well in the Pol-
ish Lowland; more details can be found in Wawrzyniak-Guz and Jarzyna
(2012).

Recording time of AWF was presented on the vertical axis and the log-
ging depth was on the horizontal axis (Figs. 3 and 4). Next, using the “pick-
ing horizon” tool in the seismic software, the arrival time ( START) and the
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Fig. 4. Method of seismic attributes for AFW calculation. All attributes, calculated
between the arrival and the end time of P, S, and Stoneley (St) waves, were averaged
with arithmetic mean, median and root mean square (RMS). Here, examples of the
amplitude of the envelope (Amp Env) for Stoneley (St) from C-1 well are presented.

end time (_STOP) of P, S, and Stoneley waves were pointed at every wave-
form (Fig. 4). The end time was chosen arbitrarily; however, the idea was to
include the main oscillations of the wave packets. The same phase of the
signal was very carefully picked throughout the sections, similar to the phase
correlation in picking horizons in seismics. Five seismic attributes for P, S,
and Stoneley waves were calculated: Isochron (the time interval between
_START and STOP times) and the complex trace attributes (Taner et al.
1979): Amplitude Envelope, Instantaneous Frequency, Instantaneous Phase,
and Cosine of Instantaneous Phase. Attributes were calculated only between
_START and STOP times for individual waves (i.e., between “horizons”),
and then averaged using arithmetic mean, median, and root mean square
(RMS). As a result, five seismic attributes for each P, S, and Stoneley wave
were available for further analyses. Additional processing allowed to present
these attributes as the standard well logs, i.e., they showed how the attributes
changed with depth (Figs. 5-7). Results for C-1 well are presented in Fig. 5.
Significant changes of the attributes versus depth related to fluctuations in
mineral composition (admixture of anhydrite is one of the most substantial in
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Fig. 5. Seismic attributes computed for AFW in C-1 well, Polish Lowland. The
scales of the attributes are adjusted for better visualisation and curve separation.
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this case), porosity, and water/hydrocarbon saturation are distinctly visible.
For example, anhydrite contribution significantly amplifies amplitudes of
Stoneley waves, whereas an increase of porosity lengthens the time span of
all waves expressed by the Isochron attribute. Calculated attributes are vul-
nerable to unwanted logging effects and errors. For instance, artificial ampli-
fication of S wave between 3014-3027 m had a harmful effect on the
Amplitude Envelope and the Instantaneous Frequency (S Amp Env and S
Inst Freq, respectively) (Fig. 5).

AFW attributes, with the use of the developed methodology, were com-
puted for the sandy-shaly thin bedded Miocene formation in C-2 well
(Fig. 6) and for carbonates of the Carboniferous basement in M-1 well
(Fig. 7). The amplitude Envelope of P, S, and Stoneley waves represent
wave amplitudes, and Instantaneous Frequency informs about the frequency
of the particular waves.
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Fig. 6. Attributes calculated from acoustic waveforms and from seismic data in C-2
well, Carpathian Foredeep. AE — Amplitude Envelope; IF — Instantaneous Frequen-
cy; P, S, St — indicate compressional, shear and Stoneley waves, respectively; 1 U
suffix means upscaled data; SEIS — seismic trace, QT Imp, Integrate Imp,
Square_Imp, FreqDom_Seis, Log_Imp are seismic attributes (explanations are in the
text); DTM and GR are sonic and gamma ray logs.
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Well log vertical resolution is much greater than seismic data, so it was
necessary to upscale the attributes calculated from AFW to the seismic
wavelength. Running average was applied to each attribute. The averaging
window length (L) used in this study was determined on the basis of Backus
theory and the method proposed in the paper of Liner and Fei (2006): L =
Ve ™/ N-Fyom, Where Vg™ is the minimum S-wave velocity derived from
sonic log (from the standard interpretation of full wave sonic log), Fyon i the
dominant frequency of seismic data, here taken from the seismic attribute
FreqDom_Seis (Fig. 6), and N is a positive integer to be chosen; N =3 gives
a reasonable level of accuracy that preserves essential part of the seismic
wavefield (Liner and Fei 2007).

Applying the Backus theory was justified here because the Miocene for-
mations in the Carpathian Foredeep exhibit thin layering. Similarly,
limestones in Carboniferous basement reveal layer-induced seismic anisot-
ropy (VTI anisotropy). Hence, the attributes were upscaled to seismic wave-
length with 13-m and 28.5-m averaging window in C-2 and in M-1 well,
respectively (Figs. 6 and 7).
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Fig. 7. Attributes calculated from acoustic waveforms and from seismic data in M-1
well, Carpathian Foredeep. Explanations are the same as in Fig. 6.

5. SEISMIC ATTRIBUTES

There are plenty of attributes that can be calculated from seismic signals
(e.g., Taner et al. 1979, Chopra and Marfurt 2005). Seismic attributes are
usually applied to qualitative seismic interpretation, aimed to recognize geo-
logical structures, sedimentation environment and water/hydrocarbon satura-
tion. Selected sets of seismic attributes can be also used for well log data
prediction (Schultz ef al. 1994a,b; Ronen et al. 1994). Similar approach was
proposed in this research. Two logs — sonic and gamma — ray were chosen as
the representatives of elastic properties (DT) and lithology features (GR) of
the investigated formations. Several seismic attributes were calculated at
well locations on the basis of standard seismic traces, traces after spectral
decompositions, and acoustic impedance traces (Wawrzyniak-Guz and
Gruszczyk 2013). The set of best-fitted attributes were chosen with the use
of multi-linear regression. Calculations were done for wells located in the
area of TCZ 3D seismic survey. Though the prediction was made in the
sandy-shaly Miocene formation (Fig. 8), the attributes were calculated over
the whole time interval of seismic data. The attributes were later converted
to depth domain and presented in well logging data manner along with AFW
attributes. The complete set of attributes for DT prediction was as follows:
Quadrature Trace (from impedance traces), QT Imp; Dominant Frequency
(from seismic traces), FreqDom_Seis; Integrate (from impedance traces), In-
tegrate Imp; and Square (from impedance traces), Square Imp. For GR pre-
diction, the following groups of attributes were chosen: Average Frequency
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Fig. 8. Results of acoustic log prediction on the basis of seismic attributes in the Mi-
ocene formations, Carpathian Foredeep.

(from spectral decomposition 60Hz traces), AveFreq Dekomp60; Logarithm
(from impedance traces), Log Imp; and Integrate (from impedance traces).
Results are presented in Figs. 6 and 7. These attributes were later combined
with attributes from AFW. The same procedures were applied to data from
OR 3D seismic project.

6. RELATIONSHIPS BETWEEN SEISMIC DATA, WELL LOGS AND
LABORATORY INFORMATION

Dozens of relationships between seismic data, well logging results and labo-
ratory parameters were tested to illustrate the mutual dependence of petro-
physical properties determined from different methods. The most important
ones were these including reservoir properties and elastic parameters since
these parameters were considered as the common platform for comparisons.
Results of laboratory experiments and well logging data (measurements and
interpretation) were inspected by cross-plots and correlations. Similarly, re-
lationships between well logs and variety of seismic parameters were sought.
Also, the selected seismic attributes were joined with laboratory results.
From a great number of relationships that were examined, several distinct
examples were selected for illustration of the results.

7. RESULTS OF SEISMIC INVERSION INCLUDING LABORATORY
P-WAVE VELOCITY

Fragments of TCZ 3D seismic survey (Carpathian Foredeep) were used for

seismic inversion based on geological model. The inversion was computed

in the vicinity of M-1, C-2, C-3, and C-5k wells. Input data, which were used

for geological model construction, were composed of the P-wave impedance
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Tournaisian; D3 — top of Late Devonian; D1 — top of Early Devonian.
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Fig. 10. Result of seismic inversion in the pseudoimpedance version using velocity
models I and II. Curves inserted into well location are P-Imp log and P-
Imp lab log, respectively. Explanation of formation tops: M a, M b, M ¢ —
lithostratigraphic horizons within the Miocene formation; C1vi — top of Visean; C1t
— top of Tournaisian; D3 — top of Late Devonian; D1 — top of Early Devonian; Pr —
top of Precambrian basement.

curve calculated from sonic and density logs, and previously interpreted
seismic horizons. For the M-1 well, a set of laboratory measurements of
P-wave velocity and bulk density was available. Including laboratory data in
the inversion was advisable for proper combining data acquired at different
scales.

In the M-1 well, primary velocity model (model I) was built with the use
of logs only. Then, it was modified to model II by including P-wave velocity
values from laboratory experiments (Fig. 9). Pseudoimpedance sections pre-
sented in Fig. 10 were the results of seismic inversion based on models I and
I calculated around M-1 well. In the Sarmatian sediments, the inversion
based on model II revealed some layers of higher values of pseudo-
impedance in comparison to results obtained with model I. More yellow col-
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oured beds are visible in the upper fragment of the profile, where shaly-
sandy sediments are water saturated. In the lower sections of the geological
profile (below 1941.5 m), pseudoimpedance from model II is lower than
from model I. This interval is composed of Carboniferous and Devonian
rocks, including sandstones and carbonates. More blue coloured beds are
visible in that section of profile, which means lower impedance. Acoustic
impedance from seismic inversion is not simply related only to bed veloci-
ties but also depends on reflection coefficients at the seismic boundaries.
Thus, the interpretation of results presented in Fig. 10a and b is rather quali-
tative than quantitative.

Results of inversion based on model II shows slightly lower values in the
depth intervals where lab data were included in comparison to P-impedance
calculated from logs only (Fig. 11).
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Fig. 11. P-impedance being the result of seismic inversion based on velocity model
from logs and laboratory results (model II) versus P-impedance from well logs only.
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The logarithm of the absolute value of the integral of acoustic impedance
from seismic inversion (Log ABS (Integrate Imp)) revealed a clear correla-
tion with transit interval time (DT) from acoustic log (Fig. 12). Such strong
relationship proves applying seismic attributes to determination P-wave ve-
locity in the area covered by seismic surveys and can enhance the ability to
obtain total porosity from seismic inversion.

8. RELATIONSHIPS BETWEEN DIFFERENT SCALE DATA

Crossplots and relationships between parameters acquired at different scales:
lab-log, log-seis, log-log, and lab-seis, were calculated in this study and sev-
eral examples are presented in Figs. 13-22. Found correlations proved the as-
sumption made at the beginning that the common physical background of
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Fig. 14. Relationship between bulk density and P-wave velocity in M-1well for Mi-
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Zechstein formation: the Main Dolomite (Ca2), anhydrites (A1G, A2), and salts
(Na2).
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Fig. 16. Instantaneous frequency of P and S waves ratio (from AFW) versus average
frequency of spectral decomposition 30 Hz trace in R-4k well. Data represent the
Zechstein formation: the Main Dolomite (Ca2), anhydrites (A1G, A2), and salts

(Na2).

wave velocity measured in laboratory, by acoustic logs, and in seismics, i.e.,
elastic properties of rocks and elastic wavefield, could be successfully ap-
plied to join and combine petrophysical information acquired at different
scales.

Firstly, P and S wave velocities measured in the laboratory on rock sam-
ples were compared with the velocities from acoustic full waveform logs
(Fig. 13). Presented log data were chosen from the same depths as core and
rock samples. The comparison reveals that the velocities cover the same
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Fig. 17. Poisson’s ratio (from well logging) versus instantaneous frequency of seis-
mic trace in R-4k well. Data represent the Zechstein formation: the Main Dolomite
(Ca2), anhydrites (A1G, A2).
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Fig. 18. Poisson’s ratio (from well logging) versus instantaneous frequency of P and
S wave ratio (from AFW) in R-4k well. Data represent the Zechstein formation: the
Main Dolomite (Ca2), anhydrites (A1G, A2).

range of values and lie along the same trend; however, the lab velocities are
a bit higher than those from the logs. This is the result of higher frequency of
elastic waves induced by transducers in laboratory tests (order of MHz) than
the wave frequency used in well logging (order of kHz). Correlation proves
the consistency of elastic properties of rocks at different scales and justifies
further analyses.

Relationship between bulk density and P-wave velocity in M-1 well
(Fig. 14) shows two separate groups of data. Laboratory data have lower
values than well logging results, but the general trend is similar. This is
caused by both geological and technical reasons. The geological reason of



AWF - A BRIDGE BETWEEN SEISMIC AND LABORATORY DATA 2373

3.0
25 LR L e
2.0 * e b \-ﬂa’
: . l,g:& - ]
1.5 +- o ®
: L A P
210 «—ig%§
cn
,_D] 0.5 T[e Dol. with anh. *
00 1. Dl & [~
-0.5 | Dolomite * g
1.0 4| e Calcareous dol. &
' dolomitic lim. b4 *
-1.5 i
400 500 600 700 800 900

AmpEnv St [a.u.]

Fig. 19. Permeability of the Main Dolomite calculated from well logs with Zawisza
formula (Zawisza 1993) versus amplitude envelope of Stoneley wave from AFW in
R-3 well.
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Fig. 20. Permeability of the Main Dolomite calculated from well logs with Zawisza
formula (Zawisza 1993) versus product of Stoneley wave velocity and bulk density
(from well logs) in R-4k well.

such results is related to thinly-bedded formation, consisted of sandstones
characterized by higher values of velocity and bulk density, and shales that
have lower values of these parameters. The technical reason is related to the
limited vertical resolution of logs in comparison to point laboratory results.
Relationships between well log parameters and the results of laboratory
measurements confirmed that tested formations were non-homogeneous
(Figs. 13 and 14). Poor depth matching due to the defined vertical resolution
of well logging devices is only partially responsible for the observed scatter-
ing the data. The main role is played by complicated geological structure of
the investigated formations which influenced all the presented results and
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well.

significantly lowered the correlation coefficients. Despite the geological rea-
son, relationships between determined parameters were established and can
be used in further interpretation.

Relationships between log data represented by AFW attributes and seis-
mic attributes are presented in Figs. 15 and 16. Satisfactory trends are ob-
served between the instantaneous frequency from AFW (InstFreq P/
InstFreq S) and seismic frequency represented by attributes such as an aver-
age frequency of impedance (AveFreq Imp) and average frequency of SD30
component (AveFreq SD30), where 30 Hz component was taken from the
spectral decomposition of the seismic trace. Though coefficients of determi-
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nation (R?) are not high due to the scattered points (different rock types and
non-homogeneity of Ca2 itself), the correlations are unquestionable. Simi-
lar situations can be observed in Figs. 17 and 18 where the Poisson’s ratio is
correlated with the instantaneous frequency obtained directly from seismic
traces (InstFreq_Seis), and ratio of instantaneous frequencies of P and S
waves from AFW (InstFreq P/InstFreq S). However, more detailed analyses
show that the relation changes with facies. Figure 19 shows the diversity of
the Main Dolomite Ca2 facies.

Stoneley wave sensitivity to permeability (K) is illustrated in Figs. 19
and 20. Increase of K generally reduces the amplitude of the Stoneley wave
(here expressed as an Amplitude Envelope — one of the instantaneous attrib-
utes from AFW). An interesting relationship was obtained for velocity of
Stoneley wave multiplied by the bulk density of the formation. R* coeffi-
cient is high (0.7); thus, the relation is promising for permeability predic-
tion. Stoneley wave identified from AFW in combination with the logarithm
of permeability (Fig. 20) showed the ability to discriminate between water
saturated and hydrocarbon saturated parts of the Main Dolomite. Relation-
ships between the parameter related to hydraulic properties of the Sarmatian
sandy-shaly reservoir (M-1 well), here expressed as a square root of permea-
bility to porosity ratio, Sqrt (K/®), and component of spectral decomposition
SD10 of seismic trace (SD10) were a very interesting example of the combi-
nation between seismic attribute and laboratory results (Fig. 21). A strong re-
lationship was also observed between the logarithm of the absolute value of
integrated impedance as seismic attribute (Log ABS (Integrate Imp)) and to-
tal porosity from an NMR laboratory experiment (Fig. 22). The goal of these
considerations was to check whether it was possible to determine the perme-
ability from the seismic data.

The presented relationships between petrophysical parameters from la-
boratory measurements, attributes from acoustic full waveforms and seismic
attributes are a step further in dealing with scaling problem. Results of vari-
ous geophysical measurements are different, even when based on the same
rock parameters, such as elastic and reservoir properties. The found relation-
ships show connection between parameters of a different scale: from lab to
log scale, from log to seismic scale, and even from lab to seismic scale. Re-
lationships indicate that it is possible to extrapolate laboratory data, very de-
tailed but measured on small samples cut from cores, to a larger amount of
rock formation considered by well logs and seismics. Including acoustic full
waveforms in such a research, particularly AFW attributes, substantially im-
proves combining the parameters acquired at different scales. On the one
hand, the AWF attributes, which represent log scale, can be related to lab
and other log data; on the other hand, they are a natural link between log and
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seismic data thanks to the same physical background (i.e., elastic wave
field). Additionally, seismic attributes that were incorporated instead of raw
seismic data increased sensitivity for local and tiny changes of rock for-
mation, which are usually averaged in seismic surveys. These results proved
the key role of well logs in combination of different types of data; however,
the links are usually not obvious. Applying seismic and AFW attributes
along with ratio of different rock properties can be helpful (Wawrzyniak-
Guz and Jarzyna 2014).

9. THREE DIMENSIONAL RESULTS VISUALIZATION

3D images of seismic sections were constructed to the show position of
wells, depth of wells and horizons important in the lithostratigraphic correla-
tion. The variability of seismic attributes along the borehole axis is well visi-
ble on the background of seismic sections. Two examples illustrate
relationships between seismic results, well logs and laboratory experiments
outcomes (Figs. 23 and 24).

The presented 3D visualizations enable to show similarity of parameters
determined from various methods. Such presentation distinctly shows scale
differences. Visualization of the petrophysical results on the background of
seismic section, reflecting the variability of lithology and stratigraphy, deliv-
ers additional global scale information.
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Fig. 23. 3D visualization of instantaneous frequency calculated from the standard
seismic processing (InstFreq Seis) on the background of acoustic impedance seis-
mic sections, TCZ 3D seismic project.

10. CONCLUSION

The main concept of establishing relationships between various parameters
obtained in the processing and interpretation of seismic data and well logs,
including also the results of laboratory experiments, was successfully real-
ized. Pseudoimpedance sections from seismic inversion along with various
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Fig. 24. 3D visualization of P wave instantaneous amplitude (AmpEnv P, right
track), integral of acoustic impedance from seismic inversion (Integrate Imp, right
track, gradient of colour, from white to black) and P wave acoustic impedance from
well logs (P-Imp_log, left track, black colour), OR 3D seismic project.

seismic attributes and those of calculated from acoustic full waveforms were
used in many combinations with velocity and bulk density from well logs or
velocity, porosity and permeability from laboratory measurements.
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In two different geological formations (sandy-shaly thin-bedded
Sarmatian formation and the Main Dolomite carbonate horizon), relation-
ships of high correlation coefficients between seismic attributes, well logs,
and laboratory origin values of porosity and permeability were determined.
Seismic attributes and AFW attributes as parameters depending on small
characteristic features of rock formation revealed good correlation with la-
boratory results. The combination of these parameters was considered as a
type of scaling data that were acquired from methods of different vertical
resolution.

Non-homogeneity of the formations was pointed out as a factor lowering
the presented relationships.
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